Transgenic mice carrying the human insulin gene driven by the K-cell glucose-dependent insulinotropic peptide (GIP) promoter secrete insulin and display normal glucose tolerance tests after their pancreatic β-cells have been destroyed. Establishing the existence of other types of cells that can process and secrete transgenic insulin would help the development of new gene therapy strategies to treat patients with diabetes mellitus. It is noted that in addition to GIP secreting K-cells, the glucagon-like peptide 1 (GLP-1) generating L-cells share/ many similarities to pancreatic β-cells, including the peptidases required for proinsulin processing, hormone storage and a glucosestimulated hormone secretion mechanism. In the present study, we demonstrate that not only K-cells, but also L-cells engineered with the human preproinsulin gene are able to synthesize, store and, upon glucose stimulation, release mature insulin. When the mouse enteroendocrine STC-1 cell line was transfected with the human preproinsulin gene, driven either by the K-cell specifi c GIP promoter or by the constitutive cytomegalovirus (CMV) promoter, human insulin co-localizes in vesicles that contain GIP (GIP or CMV promoter) or GLP-1 (CMV promoter). Exposure to glucose of engineered STC-1 cells led to a marked insulin secretion, which was 7-fold greater when the insulin gene was driven by the CMV promoter (expressed both in K-cells and L-cells) than when it was driven by the GIP promoter (expressed only in K-cells). Thus, besides pancreatic β-cells, both gastrointestinal enteroendocrine K-cells and L-cells can be selected as the target cell in a gene therapy strategy to treat patients with type 1 diabetes mellitus.
INTRODUCTION
While in early studies the regulation of blood glucose was considered to be controlled mainly by the endocrine pancreas, it is now clear that cells in the gastrointestinal tract can sense carbohydrates and other food components, releasing hormones that potentiate the glucose-dependent liberation of insulin by pancreatic β-cells (McIntyre et al., 1964 , Perley & Kipnis, 1970 , Dupré et al., 1973 . Gastrointestinal enteroendocrine K-cells and L-cells release the glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide 1 (GLP-1), respectively.
Due to their common developmental origin, pancreatic β-cells, K-cells and L-cells show marked similarities, which include: (i) the expression of the PC1/3 and PC2 peptidases needed for the conversion of proinsulin to insulin, (ii) the presence of GLUT-2 glucose transporter, (iii) a glucosedependent mechanism for hormone secretion, with granules that can store and readily secrete their respective hormones (Spooner et al., 1970 , Baggio & Drucker 2007 . Nonetheless, gastrointestinal enteroendocrine cells are not susceptible to the autoimmune-mediated destruction of pancreatic β-cells observed in patients with type 1 diabetes mellitus (Vilsbøll et al., 2003) .
Interestingly, in healthy individuals, plasma GIP and GLP-1 levels kinetically match the changes in plasma insulin levels following meals (Fujita et al., 2004) . Thus, it is expected that if gastrointestinal enteroendocrine cells of patients with type 1 diabetes mellitus were endowed with the ability to express the preproinsulin gene, they could contribute to the normalization of postprandrial blood glucose. A proof-of-principle of this hypothesis was the data generated in transgenic mice carrying the human insulin gene under the K-cell specifi c GIP promoter (Cheung et al., 2000) . When rendered diabetic by streptozotozin-mediated destruction of their pancreatic β-cells, these animals showed normal glucose tolerance tests results and expressed human insulin in cells in the stomach and duodenum. While this study shows that K-cells might be a good target for therapeutic strategies, embryonic transgenesis cannot be applied to treat patients. It is also noted that these authors did not address the possibility that cells other than K-cells might also have the ability to secrete transgenic insulin upon glucose stimulation.
Several studies have reported gene-based strategies targeting different organs and tissues designed for the treatment of individuals with type 1 diabetes mellitus (Kolodka et al., 1995 , Lipes et al., 1996 , Goldfine et al., 1997 , Bartlett et al., 1997 , Bochan et al., 1999 , Falqui et al., 1999 , Olson et al., 2003 . However, to date a timed glucosedependent release of preformed insulin is an unachieved goal. Gatrointestinal enteroendocrine cells might constitute ideal gene therapy cell targets to manage postprandial glycemia levels.
The aim of our work was to assess in vitro if the transfection into K-cells and L-cells of the human preproinsulin gene, driven either by the GIP promoter or by cytomegalovirus (CMV) promoter, results in mature insulin (i) synthesis, (ii) storage in granules, and (iii) secretion upon glucose stimulation. We also compared the relative contribution of a K-cell specifi c promoter versus a constitutive promoter.
MATERIALS AND METHODS

Cell line and culture conditions
The murine plurihormonal mixed intestinal STC-1 cell line (Rindi et al., 1990) was obtained from the ATCC with permission of Dr. D. Hanahan (University of California, San Francisco). Cells were cultured in DMEM (Invitrogen, Auckland, New Zealand) containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA) supplemented with 100 IU/mL penicillin (Invitrogen) and 50 μmol/L streptomycin (Invitrogen), in an atmosphere of 5% CO2 and 100% humidity.
Plasmids
pAAV-CMV/eGFP was obtained from Stratagene (Cedar Creek, TX, USA). To construct pAAV-GIP/eGFP, the 1,227 bp rat GIP promoter (nucleotides -1153 to +7) was amplifi ed from genomic DNA by PCR, cloned into pGEM-T Easy (Promega, Madison, WI, USA) and sequenced to confi rm that no errors were introduced into the product. The upstream and downstream primers used were (5')-ATC TCT CCA GTC CCT TCC TC -(3') and (5')-GGA TCC AGC TCT TCC AGG AGG GCA GGA TG -(3'), respectively. The fragment containing the GIP promoter was excised from pGEM-T Easy with the use of Not I (Promega) restriction enzyme and ligated into Not I site of the pAAV-MCS (Stratagene) using T4 DNA ligase (Promega). To construct pAAV-CMV/INS, the complete human preproinsulin gene (nucleotides +9 to +1831) was amplifi ed from genomic DNA by PCR, cloned into pGEM-T Easy (Promega) and sequenced to confi rm that no errors were introduced into the product. The upstream and downstream primers used were (5')-GGA TCC AGG ACA GGC TGC ATC -(3') and (5')-CCT CCA CAG GGA CTC CAT CAG -(3'), respectively. The fragment containing the human preproinsulin gene was excised from pGEM-T Easy using EcoR I restriction enzyme (Promega) and subsequently cloned into the EcoR I restriction site of the pAAV-MCS.
To construct pAAV-GIP/INS, a BamH I site was included at the 5' end of the downstream primer for the GIP promoter and the upstream primer for the preproinsulin gene. Fragments containing the GIP promoter and the human preproinsulin were excised from pGEM-T Easy using Not I (Promega) and BamH I (Invitrogen, Carlsbad, CA, USA) restriction enzymes. A three-fragment ligation was performed using T4 DNA ligase (Promega) to insert the rat GIP promoter and the human preproinsulin gene into Not I site of the pAAV-MCS (Stratagene).
Assessment of transfection effi ciency and promoter strength: STC-1 cells seeded in 6-well plates and grown to 60% confl uence were transfected with 2 μg of pAAV-GIP/eGFP or pAAV-CMV/eGFP plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in serum free DMEM. After six hours, FBS was restored. Two days later, the cells were trypsinized (Invitrogen) and centrifuged at 500 x g for 10 minutes at room temperature. The pellet was resuspended and cells were fi xed with 2% p-formaldehyde (Sigma-Aldrich St. Louis, MO, USA) in PBS. Finally, eGFP fl uorescence was measured in cells using a BD FACSCanto™ fl ow cytometer, and data obtained were analyzed with the Weasel 2.5 Software.
Co-localization of human insulin with mouse GIP or mouse GLP-1
STC-1 cells seeded on sterile 18x18 mm cover slips and grown to 60% confl uence were transfected with 2 μg of pAAV-GIP/ INS or pAAV-CMV/INS using Lipofectamine 2000 (Invitrogen) in serum free DMEM. After six hours, FBS was restored. Two days later, cover slips were gently washed twice with PBS. Subsequently, cells were fi xed with 4% p-formaldehyde (Sigma-Aldrich) in 100 mM PIPES buffer, pH 6.8, containing 0.04 M KOH, 2 mM EGTA, and 2 mM MgCl 2 for 20 minutes and washed three times with 50 mM Tris-HCl buffer, pH 7.6, containing 0.15 N NaCl and 0.1% sodium azide (universal buffer). Cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in universal buffer for 10 minutes, washed twice with universal buffer, and then blocked with 2% bovine serum albumin in the same buffer for 30 minutes. Cells were then incubated simultaneously with mouse monoclonal IgG anti-human mature insulin (2D11-5, 1:100), and goat polyclonal IgG anti-mouse GIP (Y-20, 1:100) or goat polyclonal IgG antimouse GLP-1 (C-17, 1:100) (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), at room temperature for one hour. After washing, cells were incubated simultaneously with FITCconjugated anti-mouse IgG (1:200) and TR-conjugated anti-goat IgG (1:200) (all from Santa Cruz Biotechnology). Samples were then mounted onto slides with UltraCruz™ Mounting Medium (Santa Cruz Biotechnology) and optical sections were obtained following excitation at 488 or 543 nm with a Carl Zeiss LSM 410-Axiovert 100 confocal microscope.
Human mature insulin secretion assay in standard culture condition with glucose stimulation
STC-1 cells plated at 10 5 cells/well on 12-well plates and grown to 60% confl uence were transfected with 2 μg of pAAV-GIP/INS or pAAV-CMV/INS using Lipofectamine 2000 (Invitrogen) in serum free DMEM. After six hours, FBS was restored. When cells were 80% confl uent, culture medium was replaced either by DMEM or Krebs-Ringer bicarbonate buffer containing HEPES plus 0.1% BSA (secretion buffer). In the former case, conditioned medium were collected three and 24 hours later. In the later case, after one hour at 37ºC, the buffer was replaced by a secretion buffer containing either no glucose or 50 mM glucose (the latter, in line with glucose concentrations achieved in the GI tract). Three hours later, media were collected, centrifuged at 1,500 x g and assayed for human insulin using the human-specifi c insulin ELISA kit (Linco Research, St. Charles, MO, USA), according to manufacturer 's instructions. The monoclonal antibody included in the kit recognizes neither preproinsulin nor proinsulin. To standardize the data, total protein were assessed by Bradford method.
Statistical analysis
The results were expressed as mean ± standard error. The student's t-test was used to compare experimental group data. P < 0.05 was considered statistically signifi cant.
RESULTS
The STC-1 cell line is a duodenal tumor-derived cell line (Rindi et al., 1999) containing a heterogeneous and plurihormonal population of cells, including enteroendocrine K-cells and L-cells (Brubacker et al., 2003) . To assess gene transfection effi ciency and promoter strength in these cells we evaluated the expression of the reporter eGFP gene driven by either the K-cell specifi c 1.2 kb GIP promoter (pAAV-GIP/eGFP) or the constitutive CMV promoter (pAAV-CMV/eGFP). Cells transfected with pAAV-CMV/eGFP showed a greater number of eGFP positive cells (8.7% vs. 13.6%; p<0.05) and a 4-fold higher eGFP fl uorescent intensity (9.1 ± 0.1 vs. 35.6 ± 3.7; p<0.02) than cells transfected with pAAV-GIP/eGFP. Thus, as expected, the CMV promoter targets a broader number/type of enteroendocrine cells and results in a stronger expression than when the gene is driven by the GIP promoter.
To determine whether engineered enteroendocrine cells express 1 the preproinsulin gene and process it into mature insulin, STC-1 cells were transfected with plasmids coding for the complete human preproinsulin gene driven either by the K-cell specifi c GIP promoter (pAAV-GIP/INS) or the CMV promoter (pAAV-CMV/INS). Confocal microscopy analyses of STC-1 cells transfected with pAAV-GIP/INS showed mature human insulin in GIP producing cells (K-cells) (Fig.  1A) , but not in GLP-1 producing ones (data not shown). Cells transfected with the pAAV-CMV/INS plasmid showed human mature insulin in both GIP (K-cells) and GLP-1 (L-cells) producing cells (Figs. 1B and 1C, respectively) . Irrespective of the promoter used, mature human insulin co-localized in a granular pattern with the endogenous hormones, known to be produced and stored in secretory vesicles by enteroendocrine cells (reviewed in Baggio & Drucker, 2007, Cho and Kieffer, 2010) . Consistent with data obtained with the eGFP reporter gene, the frequency of positive cells and the fl uorescence intensity for insulin were higher in cells transfected with pAAV-CMV/INS than in cells transfected with pAAV-GIP/ INS (Figs. 1A and 1B) .
To determine whether engineered enteroendocrine cells secrete transgenic insulin, STC-1 cells were transfected with plasmids coding for the complete human preproinsulin gene driven either by the K-cell specific GIP promoter (pAAV-GIP/INS) or the CMV promoter (pAAV-CMV/INS) and the secretion of human mature insulin levels into the media was assessed. Irrespective of the promoter used, at 25 mM glucose (culture medium concentration) engineered STC-1 cells were able to secrete human insulin ( Figs. 2A and B) . Further, cells transfected with pAAV-CMV/INS secreted more human insulin than cells transfected with pAAV-GIP/INS (at 24 hours: 5.70 ± 0.30 μU/μg protein vs. 0.57 ± 0.03 μU/μg protein; P < 0.05) (Fig. 2B) .
To determine the glucose dependence of mature human insulin secretion in engineered enteroendocrine cells, STC-1 cells transfected with pAAV-GIP/INS or pAAV-CMV/INS were incubated for 3 hours in Krebs-Ringer buffer containing either no glucose or 50 mM glucose. STC-1 cells transfected with pAAV-GIP/INS showed no significant differences in secreted insulin in the presence or absence of glucose (Fig. 3A) . Cells transfected with pAAV-CMV/INS and incubated with 50 mM glucose showed a 3-fold increase (p< 0.02) in secreted insulin into the medium versus cells incubated without glucose (Fig. 3B) . Neither detached cells nor morphological changes were observed upon incubation in glucose-free buffer at the different time points. 
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DISCUSSION
Enteroendocrine cells in the small intestine, especially in the duodenum and jejunum, appear as attractive targets for an insulin gene transfer strategy to treat patients with type 1 diabetes mellitus. K-cells and L-cells are innately specialized to respond to nutrients in the lumen, especially glucose, secreting GIP and GLP-1 into the blood, potentiating the glucose-induced insulin response. In normal individuals, the kinetics and plasma concentrations attained for GIP, GLP-1 and insulin following a meal are remarkably similar (Orskov et al., 1996 , Fujita et al., 2004 and so are those of GIP and GLP-1 in patients with type 1 diabetes mellitus (Vilsbøll et al., 2003) . Furthermore, K-cells and L-cells synthesize the PC1/3 and PC2 peptidases that allow proinsulin processing into mature insulin. Finally, K-cells and L-cells are not destroyed by the immune system of patients with type 1 diabetes mellitus (Vilsbøll et al., 2003) .
Previously it has been shown that STC-1 derived K-cells genetically modified with the insulin gene under the control of the GIP promoter secrete insulin in a glucose-dependent manner (Palizban et al., 2007 , Han et al., 2007 , Li et al., 2008 , Zhang et al., 2008 . Unfortunately, when transplanted into the peritoneal cavity, diabetic mice developed hypoglycemia (Han et al., 2007 , Unniappan et al., 2009 . Hypoglycemic states can be potentially fatal and are therefore an unacceptable risk for diabetic patients. This result is most likely explained by an uncontrolled proliferation of these tumor transplanted cells.
Thus far, despite the similarities of pancreatic β-cells and K-cells and L-cells, the latter have been ignored as a possible target for transgenic insulin expression and secretion. Since an uncontrolled proliferation of tumor cells may compromise the safety of an ex vivo insulin gene transfer strategy to treat a diabetic patient, an in vivo approach to incorporate the insulin gene to normal endogenous intestinal K-cells and L-cells would present mayor advantages. Viral-derived vectors arise as potentially effective transduction methods for insulin gene therapy in the small intestine (Fujita et al., 2004 ). Here we show that simultaneous transfection of K-cells and L-cells with the human preproinsulin gene driven by CMV promoter results in (i) the synthesis of human mature insulin in both type of cells, (ii) the storage of human mature insulin in GIP-containing vesicles (K-cells) or GLP-1-containing vesicles (L-cells), (iii) the secretion of human mature insulin in a glucose-dependent manner. While the constitutive CMV promoter drives insulin gene expression in both K-cells and L-cells, the GIP promoter excludes L-cells. Moreover, the CMV promoter induces a higher gene expression than the 1.2 kb GIP promoter. Overall, we have demonstrated that a strong constitutive promoter allows increased insulin synthesis, which is stored in vesicles and secreted after stimulation with glucose in a broader number of target cells, namely L-cells, in addition to K-cells. It is noted that the promoter itself is not responsible for the glucose-regulated hormone secretion, but rather is the chain of cellular events that are normal in enteroendocrine cells.
This proof-of-principle study supports the idea that preproinsulin gene transduction of either L-or K-cells may constitute an adjunct therapy to help manage postprandial hyperglycemia in patients with type 1 diabetes mellitus. 
